Abstract-This paper presents a solution to the problem of global, output feedback, tracking control of uncertain robot manipulators. Specifically, a desired compensation adaptation law plus a nonlinear feedback term coupled to a dynamic nonlinear filter is designed to produce global asymptotic link position tracking while compensating for parametric uncertainty and requiring only link position measurements.
I. INTRODUCTION
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the proposed OFB link position tracking controllers is the semiglobal nature of the stability results. In contrast, global solutions to the OFB link position setpoint control problem have been presented by several researchers. For example, exact model knowledge OFB controllers, composed of a dynamic linear feedback loop plus feedforward gravity compensation, were proposed in [3] , [7] , and [13] to globally asymptotically stabilize the robot manipulator dynamics. In [1] , Arimoto et al. also presented an exact model knowledge, global regulating OFB controller; however, the gravity compensation term was dependent only on the desired link position setpoint as opposed to the actual link position. With the intent of overcoming the requirement of exact model knowledge, Ortega et al. [21] designed a OFB regulator which compensated for uncertain gravity effects; however, the stability result was semiglobal asymptotic 2 . In [11] , Colbaugh et al. proposed a global regulating OFB controller that compensates for uncertain gravity effects; however, the control strategy requires the use of two different control laws (i.e., one control law is used to drive the setpoint error to a small value, then another control law is used to drive the setpoint error to zero). With respect to the more general problem of OFB link position tracking control, semiglobal results have dominated the scenario. For example, in [3] and [17] exact model knowledge, observer-based controllers yielded semiglobal exponential link position tracking while in [19] a semiglobal asymptotic tracking result was achieved. Robust, filter-based control schemes were designed in [4] , [22] , and [25] to compensate for robot parametric uncertainty while producing semiglobal uniform ultimate bounded link position tracking. In [9] and [10] , variable structure OFB controllers were designed to compensate for uncertainty and the lack of link velocity measurements. For other work in this area, the reader is referred to the literature review in [17] . For other tracking control work, the reader is referred to [15] . For work on the OFB problem for rigid-link flexible-joint robots, the reader is referred to [20] and the references therein. Finally, in [5] , [6] , and [12] , adaptive OFB controllers were presented which yielded semi-global asymptotic link position tracking.
To the best of our knowledge, the only previous work which is targeted at the global OFB tracking control problem is given in [18] and [8] . Specifically, in [18] , Loria developed an exact model knowledge controller that yields global uniform asymptotic stability of the closed-loop system; however, the control was designed only for a nonlinear, one degree-of-freedom (DOF) system. In [8] , Burkov used a singular perturbation analysis to show that an exact model knowledge controller, used in conjunction with a linear observer, can force the link position to asymptotically track a trajectory from any initial condition; however, as pointed out in [18] , no explicit bound on the singular perturbation parameter was given.
In this paper, we design a global, adaptive, OFB tracking controller for uncertain robot manipulators. The control law is composed of: i) a desired compensation adaptation law (DCAL) [23] feedforward term to compensate for parametric uncertainty and ii) a nonlinear feedback term coupled to a nonlinear, dynamic filter to compensate for the lack of velocity measurements and the difference between the actual system dynamics and the feedforward term based on the desired trajectory. That is, the proposed controller ensures global asymptotic link position tracking while compensating for parametric uncertainty and lack of link velocity measurements. While the structure of the proposed torque input control law resembles that of [18] in certain aspects, the use of 2 It is interesting to note that the adaptive OFB link position tracking controller proposed in [5] yields as a subresult, a PID regulator that also semiglobally asymptotically stabilizes the robot dynamics with uncertain gravity effects.
0018-9286/00$10.00 © 2000 IEEE a DCAL-based feedforward term, a different filter structure, and a different error system development/analysis allows us to extend the exact model knowledge controller for one DOF systems given in [18] to uncertain, n DOF robot manipulators.
II. ROBOT MANIPULATOR MODEL AND PROPERTIES
The system model for an n-rigid link, revolute, direct-drive robot is assumed to be of the following form [16] :
where q; _ q; q 2 n denote the link position, velocity, and acceleration vectors, respectively, M (q) 2 n2n represents the link inertia matrix, V m (q; _ q) 2 n2n represents centripetal-Coriolis matrix, G(q) 2 n represents the gravity effects, F d 2 n2n is the constant, diagonal, positive-definite, viscous friction coefficient matrix, and 2 n represents the torque input vector. We will assume that the left-hand side of (1) is first-order differentiable.
The dynamic equation of (1) has the following properties [16] , [20] that will be used in the controller development and analysis.
Property 1: The inertia matrix M (q) is symmetric and positive-definite and satisfies the following inequality:
where m1; m2 are known positive constants, and k 1 k denotes the standard Euclidean norm.
Property 2: The inertia and centripetal-Coriolis matrices satisfy the following relationship:
where _ M (q) is the time derivative of the inertia matrix. Property 3: The dynamic equation of (1) can be linear parameterized as
where 2 p contains the constant system parameters, and the desired q d (t) 2 n ; respectively.
Property 4:
There exist positive scalar constants f ; c1 such that
Property 5: The centripetal-Coriolis matrix satisfies the following relationship:
V m (q; ) = V m (q; ); 8; 2 n :
To aid the subsequent control design and analysis, we define the vector function Tanh(1) 2 n and the matrix function Cosh(1) 2 n2n as follows:
and Cosh() = diagfcosh( 1 ); 1 11; cosh( n )g (8) where = [ 1 ; 11 1; n ] T 2 n ; and diagf1g denotes the operation of forming a matrix with zeros everywhere except for the main diagonal.
Based on the definition of (7), it can easily be shown that the following inequalities hold for 8; 2 n :
and
where i; i denote the ith elements of the vectors ; ; and j1j denotes the standard absolute value operation. Assumption 1: The positive constants m ; g ; and c2 are assumed to exist for all ; 2 n such that
In Appendix A, we illustrate how the bounds given in (11) hold for the six DOF Puma robot. In a similar manner to that provided in Appendix A, we can show that the bounds given in (11) hold for other revolute robots; hence, from a practical point of view, Assumption 1 resembles a property more than an assumption.
III. CONTROL DEVELOPMENT
The control objective is to design a global link position tracking controller 3 for the robot manipulator model given by (1) under the given constraints that only the link position variable q is available for measurement and that the parameter vector defined in (4) is an unknown constant vector. We will quantify the control objective by defining the link position tracking error e(t) 2 n as follows:
where we assume that q d (t); defined in Property 3, and its first three time derivatives are bounded functions of time. In addition, we define the difference between the actual and estimated parameters as follows:
where 2 p represents the parameter estimation error vector, and 2 p represents a dynamic estimate of defined in (4).
A. Control Formulation
To facilitate the design of the controller, we define a filtered tracking error-like variable 2 n as follows:
where e and Tanh(1) were defined in (12) and (7), respectively, and e f 2 n is an auxiliary filter variable which is defined to have the following dynamics:
e f (0) = 0 (15) with k being a positive scalar control gain and Cosh(1) being defined in (8) . Based on the subsequent error system development and the corresponding stability analysis, we propose the following torque input:
where k is the same control gain defined in (15) , and the parameter estimate vector is generated on-line according to the following update law:
with 0 2 p2p being a constant, diagonal, positive-definite, adaptation gain matrix.
Remark 1:
Based on the definition of given in (14), we can see that link velocity measurements are required for control implementation in (15)- (17) . However, after the stability proof, we will illustrate how the proposed controller has an equivalent form which only depends on link position measurements.
B. Error System Development
We begin the error system development by first calculating the open-loop filtered tracking error dynamics. To this end, we take the time derivative of (14) 
After adding and subtracting Y d of (4) to the right-hand side of (18), we can utilize (12), (14) , and (15) 
where Property 5 given by (6) has been utilized. After substituting (16) into (19), we can form the closed-loop dynamics for as
where was defined in (13).
Remark 2:
By exploiting the fact that the desired trajectory is bounded, Properties 1and 4, and the properties of hyperbolic functions, we note that (e; e f ; ; t) of (20) Furthermore, by utilizing the fact that the desired trajectory is bounded and Assumption 1, it can be shown thatỸ (e; e f ; ; t) of (21) can be upper bounded as follows: kỸ k 2 kxk (25) where 2 is also some positive bounding constant that depends on the mechanical parameters and the desired trajectory.
C. Stability Analysis
Theorem 1: Given the robot dynamics of (1), the proposed adaptive controller of (15)- (17) ensures global asymptotic link position tracking in the sense that lim t!1 e(t) = 0 (26) provided the control gain k is chosen as follows:
where m 1 ; 1 ; and 2 are constants defined in (2), (23), and (25), respectively, and kn is a control gain that must satisfy the following sufficient condition:
Proof: We start the proof by defining the following nonnegative function 4 V (e; e f ; ;) = where e; e fi are the ith elements of the vectors e and e f defined in (12) and (15), respectively. After taking the time derivative of (29), we obtain the following expression for _ V (e; e f ; ;): _ V (e; e f ; ;) = Tanh T (e)_ e + Tanh 
where (3) has been employed. After applying (23) , (25), (2), and (27) to (31), we obtain the following upper bound for _ V (e; e f ; ;): _ V 0 kTanh(e)k (32) 4 It should be noted that the first two terms in V (e; e ; ;) are motivated by the work given in [18] . 
where is some positive constant.
As discussed in [18] , we note that ln(cosh(0)) = 0 and that ln(cosh (1)) is a radially unbounded, globally positive-definite function. Hence, due to the structure of V (e; e f ; ;) given in (29), V (e; e f ; ;) is a radially unbounded, globally positive-definite function for all e(t); e f (t); (t);(t); and t: Since _ V (e; e f ; ;)
is negative semidefinite as illustrated by (34), we now know that V (e(t);e f (t); (t);(t)) 2 L 1 ; hence, e(t); e f (t); (t);(t) 2 L 1
(and hence, due to the fact that desired trajectory is bounded, q(t); _ q(t);(t); _ (t) 2 L1). We can now utilize (14), (15), and (22) From the above information, we can state from the definition of (24) that x(t); _ x(t) 2 L 1 (note that _ x(t) 2 L 1 is a sufficient condition for x(t) being uniformly continuous). From (34), it is easy to show that x(t) 2 L 2 : We can now apply Barbalat's lemma [24] to conclude that lim t!1 x(t) = 0: From the definition given in (24), we can now see that limt!1 Tanh(e(t)) = 0; hence, the properties of the hyperbolic tangent function lead to the result given by (26) .
D. Output Feedback Form of the Controller
We now illustrate how the control law proposed in Section III-A has an equivalent form which only requires link position measurements. Note that the torque control input given by (16) and (17) where i is the ith element of the vector defined in (14) . After taking the time derivative of (35), we can substitute (37) and (36) into the resulting expression to obtain 
It is now straightforward to utilize (38) to construct the following filter which also computes yi:
where pi is an auxiliary variable which allows yi (and hence, tanh(e fi ) and cosh 2 (e fi ))to be calculated with only link position measurements.
We now illustrate how the torque control input given by (16) and (17) can be computed with only link position measurements. First, we substitute the definition of given by (14) into (17) and then formulate an equivalent expression as follows:
where we have utilized the fact from (35) that y = Tanh(e f ); and % 2 p is an auxiliary variable that allows the adaptation law to be calculated with link velocity measurements. By utilizing (39) to compute y; it is now easy to see that can be computed with only link position measurements. After substituting (35) and (36) into (16), the ith component of the torque input control can be written as follows: 
and hence, the update law given by (40) simplifies as follows:
The filter given by (39) and the torque control input given by (41) are utilized to complete the structure of the adaptive setpoint controller.
Remark 6:
If we assume exact model knowledge, the torque input can be redesigned as follows:
hence, the closed-loop dynamics for becomes
where (e; e f ; ; t) is still given by (20) , but nowỸ (e; e f ; ; t) is defined asỸ
Note thatỸ (1) of (46) can now be bounded as in (25) to show the requirements of [14] , Th. A.5 are satisfied, and hence, we can conclude that the equilibrium z = 0 is globally uniformly asymptotically stable.
IV. CONCLUSION
In this paper, we presented a solution to the problem of global, output feedback, tracking control of uncertain robot manipulators. The solution involves the use of a dynamic filter which is nonlinear in a way fundamentally different from the linear, high-gain filters used in previous work (e.g., see linear filter structures used in [4] , [25] , and [5] ). Furthermore, the solution involves the use of a nonquadratic Lyapunov function that is "softer" 5 than the standard quadratic Lyapunov function. In addition, the control development/analysis and the method in which the control is implemented exploits several properties inherent to the robot manipulator equation. Hence, the filter structure, softness of the Lyapunov function, and the exploitation of the robot manipulator equation are all instrumental in the design of a controller that compensates for parametric uncertainty, achieves global asymptotic link position tracking, and only requires link position measurements. Simulation results for the proposed controller can be found in [26] .
APPENDIX A BOUNDS FOR THE PUMA ROBOT (ASSUMPTION 1)
To prove the existence of the bounds given in (11), we will make use of the inequalities given in (10) . First, note that the matrices in (11) contain mismatches only in the link position variable. For revolute joint robots, these mismatches can be arranged to have one of the following general forms: 
where i; i are the ith elements of 8; 2 n ; j 2 f1; 2; 1 11;ng; k 2 fj; j + 1; 11 1;ng; and n represents the robot's total DOF's. That is, all the elements of the matrices in (11) will contain terms similar to those given by (50). For example, the most complicated elements of 5 The word softer is used to illustrate the fact that ln(cosh(x)) x :
the centripetal-Coriolis matrix [i.e., Vm53(q; _ q)] for the six DOF Puma robot manipulator has the following form [16] : 
then, according to (51), the mismatch for element V m53 (q; _ 
where 53 is some positive bounding constant.
Since all of the elements ofṼ ; defined in (52), can be upper bounded in a similar fashion as shown in (62), it is now easy to see that kṼ k can be upper bounded as in the third inequality of (11) . Similar arguments can be followed to prove the other two inequalities given in (11) .
